While, at the same time, the correlated momenta of the entangled electron pair continue to exhibit quantum interference.
Introduction
One of the most powerful paradigms in the exploration of quantum mechanics is the double slit experiment. Thomas Young was the first to perform such an experiment, as early as 1801, with light. It took until the late 1950's [1] , long after the experimental proof of the wave nature of particles, for a similar experiment to be carried out with electrons. Today such experiments have been demonstrated for particles as heavy as C 60 [2] and for bound electrons inside a highly excited atom [3] . All of these experiments were aimed at a demonstration of double slit self interference for a single particle fully isolated from the environment. If however this ideal laboratory situation is relaxed and the quantum particles are put in contact with the environment in a controlled way, the quantum interference may be diminished so that the particles start behaving in an increasingly classical way [4, 5, 6] . Recently Arndt and coworkers [7] have beautifully demonstrated this phenomenon by sending heated C 60 clusters through a double slit. The hot molecules couple via emission of thermal photons to the environment, and a loss of interference as a function of their temperature is observed. The emission of the photon alters the relative phase between different pathways of the particle towards the detector, an effect referred to as decoherence. Such decoherence of a quantum system can be caused by single or multiple interactions with an external system [6] . Limiting cases are one single hard interaction causing the decoherence by entanglement with the external system, and multiple weak couplings to external perturbers (i.e., a bath) at the other extreme. A gradual transition between these two extremes has been beautifully demonstrated for photon scattering [6] .
Here we experimentally demonstrate that a system of two electrons is already sufficient to observe the transition from a quantum interference pattern to a classical particle-like intensity distribution for an individual electron. The quantum coherence is not destroyed however, but remains in the entangled two-electron system. By measuring the correlated momenta of both particles we reveal this interference pattern which is otherwise concealed in the two body wave function.
The idea of using a homonuclear molecule as the slit-scattering center of a photoelectron goes back to a paper published in 1966 by Cohen and Fano [8] . Due to the coherence in the initial molecular state, the absorption of one photon by the homonuclear molecule launches two coherent electron waves at each of the protons of the molecule (Fig. 1 a,b) . The interference pattern of these waves should be visible in the angular distribution of the electron with respect to the molecular axis. In K-shell ionization of heavy diatomics, such as N 2 and O 2 as discussed in this 1966 paper, interference is only visible if the symmetry (gerade or ungerade) of the molecule with a single 1s hole is resolved ( [9, 10] [11] . The originally proposed experiment on H 2 [11] has not been done however, because it requires knowledge of the direction of the molecular axis [12, 13] . A signature of the interference effect has nonetheless been beautifully observed in the wavelength dependence of electrons emitted from a randomly oriented sample of H 2 molecules by ion impact ionization [14, 15] .
Here we extend the idea of Cohen and Fano from single photoionization to double photoionization to study the two body interference of an electron pair. This electron pair is emitted via absorption of a single circularly polarized photon from the H 2 molecule (eq. 1).
The two electrons are distinguishable by their energy, which allows us to the study the interference pattern as a function of the interaction strength or momentum exchanged between the two particles.
Single photons from beamlines 4.0 or 11.0 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) were used to photo-eject both electrons of H 2 molecules.
A supersonic H 2 gas jet was crossed with the photon beam. For each ionized molecule the vector momenta of all fragment particles, both ions and both electrons, were determined in coincidence. The orientation of the H 2 molecule, or molecular double slit, was measured for each fragmentation by detecting the emission direction of the two protons. Once the two electrons are ejected, the protons rapidly fly apart along the molecular axis, driven by their mutual
Coulomb repulsion. A multiparticle imaging technique (Cold Target Recoil Ion Momentum
Spectroscopy, COLTRIMS) [16, 17] was used to detect all particles. The ions and electrons created in the intersection volume of photon and gas beam were guided by weak electric (50 V/cm) and magnetic fields (8 Gauss) towards two separate multichannel plate detectors with delayline readouts [18] . From the position of impact and the time-of-flight, the initial vector momentum of each particle can be determined. Only three particles (two protons and one electron) need to be detected. The momentum of the second electron, in the present case the more energetic of the two, is deduced through momentum conservation of the total system. The Coulomb explosion of the two protons at the equilibrium distance of H 2 of 1.4 a.u. yields a kinetic energy of about 10 eV per proton [19] and the total electronic binding energy of H 2 is about 30 eV. The experiment has been performed at two different photon energies of E γ = 240 eV and E γ = 160 eV, leaving about 190 eV and 110 eV of energy to be shared among the two electrons, respectively.
At the high photon energies under consideration here, double photoionization of H 2 leads in most cases to one fast electron and one slow electron [20] . The experimental data show a strong interference pattern which qualitatively resembles that induced by a double slit. For the optical double slit experiment, where the interference results from a superposition of two coherent spherical waves, the intensity distribution is given by eq.
2.
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In our case, R is the internuclear distance (1.4 a.u. for H 2 ), Φ e−mol is the angle of electron emission with respect to the internuclear axis [12] , k e is the momentum of the electron and C is a proportionality constant. An electron energy of 190 eV (as in Fig. 1 The deviations from the double slit prediction can be understood from the somewhat more elaborate theoretical treatment shown in Fig. 1e . By treating the electrons as spherical waves, the simple approximation in eq. 2 neglects the fact that the electrons are ejected by circularly polarized light, and further that they must escape from the two center Coulomb potential of the two nuclei. The helicity of the light leads to a slight clockwise rotation of the angular distribution as seen in the experiment and in the more elaborate calculations. The Coulomb interaction with the nuclei has two major effects. First, the wavelength of the electron in the vicinity of the protons is shorter than the asymptotic value. This property modifies, in particular, the emission probability along the molecular axis due to a phase shift in the nearfield [21] .
Second, the original partial wave emerging from one of the nuclei is scattered at the neighboring nucleus, thereby launching another partial wave. The final diffraction pattern is therefore the superposition of four (or more) coherent contributions: the primary waves from the left and right nuclei, and the singly or multiply scattered waves created subsequently in the molecular potential. We performed two calculations to take the helicity of the photon as well as multiple scattering effects into account. The first (red line in Fig. 1e ) was based on the Random Phase Approximation (RPA) [22] . The second (black line in fig 1e) entailed a multiple scattering calculation, wherein a spherical wave is launched at one proton [23] . This wave is then multiply scattered in the two center potential of two protons, which is terminated at a boundary. The direct and multiple scattered waves are then coherently added and symmetrized. Although conceptually very different, both calculations account for all the relevant physical features: the two center interference determining the position of minima and maxima, the molecular potential altering the relative height of the peaks, and the helicity of the ionizing photon inducing a rotation. The details of the molecular potential differ in the calculations. The RPA uses a Hartree Fock potential whereas the multiple scattering calculation assumes two bare protons.
The full calculations treat emission of a single electron. Therefore, their good agreement with the experimental data ( Fig. 1d) obtained from double ionization might be surprising. It suggests that the additional emission of a slow electron does not significantly alter the wave of the fast particle. For the particular case that the electron pair consists of a fast and a very slow electron, the diffraction of a coherent electron pair can be treated by simply neglecting the slow electron.
This simple one particle picture completely fails in scenarios where lower primary and higher scattered electron energies result in stronger coupling between the electrons. Fig. 2a and 2b show results for different energy partitions of the first and second electron following ionization by 160 eV photons. Whereas for E 1 ≈ 110 eV and E 2 < 1 eV the interference is still visible (Fig. 2a) , it completely disappears when E 1 ≈ 95 eV and 5 eV< E 2 < 25 eV (Fig. 2b) .
In the latter case the distribution approaches the isotropic result without two center interference.
By comparing these data to corresponding theoretical estimates (Fig. 2c,d ), we can now show that the observed loss of interference contrast is a result of decoherence and not of the changing electron wavelength.
Coulomb interaction between two quantum mechanical systems (electron 1 and 2 in our case) does not destroy phases. It entangles the wavefunctions of the two subsystems (see e.g. [24, 5] ). In our experiment we observe both electrons in coincidence. Therefore we can investigate this entangled two particle system to search for the origin of the apparent loss of coherence in a single particle subsystem. Fig. 3 shows the correlation in this two body system. The horizontal axis is the angle of the fast electron momentum with respect to the molecular axis (i.e.
the angle which is plotted in all other figures). The vertical axis is the angle between the two electron's momenta. It may be helpful to think of the horizontal axis as the scattering of electron 1 by the double slit and the vertical axis as the scattering angle between the electrons. Striking interference patterns emerge in this display of the two particle wavefunction. No vestige of these patterns remains, however, if the distribution is integrated over the vertical axis.
When subsets of the data with restricted angular ranges of Φ e−e = +70 ± 20
• (Fig 3b,c) and Φ e−e = −70 ± 20 • (Fig. 3d,e) are examined, then the interference pattern is resurrected.
However, depending on the angle between the electrons in the selected subset of the data, the interference pattern is tilted to the right (Fig 3c) or left (Fig 3e) . Without the restriction of this relative angle, the shifted minima and maxima cancel each other out, leading to the almost isotropic distribution of Fig. 2b .
The interference maxima are concentrated along two horizontal lines. These lines of highest intensity lie at a relative angle of about 100
• between the two electrons. This distribution is a well known [20, 25] This situation is an intramolecular version of a scattering event downstream of a double slit [27, 6] . When either photons [6] or particles [27] are scattered from a beam after passage through a double slit, the scattering induces a phase shift which then leads to a shift of the interference pattern. If the momentum transfer is not measured in coincidence [6] , the fringe visibility is lost. In this experiment both electrons are initially delocalized inside the molecule in a completely coherent single quantum state. Before photoabsorption both electrons are confined in the hydrogen groundstate, which is symmetric with respect to its two atomic centers. Thus we observe not a scattering between classical localized particles but a coherent entanglement of the wave function of the two electrons.
It is instructive to think of the electronic two body system as split into its subsystems, and to consider one subsystem as the environment of the other. The strong Coulomb interaction entangles the two subsystems and leads to a position dependent modification of phase of the single particle wavefunction inside each of the two subsystems. The entanglement of the elec-trons in the pair is directly visible in their mutual angular distribution, and is further evidenced by the observation that selecting the momentum of one electron makes the interference pattern of its partner reappear. In the spirit of discussions dating from the early history of quantum mechanics, one particle can be considered an observer which carries partial information about the other particle and its path through the double slit. The amount of which-way information exchanged between the particles is limited by the observer particle's de Broglie wavelength [28] . The key difference between the situation depicted in Fig. 2a , which shows interference, and Fig. 2b , which shows no interference, is that the wavelength of the second, unobserved electron, is much shorter in the latter case.
Our experiment thus reveals that a very small number of particles suffices to induce the emergence of classical properties, such as the loss of coherence. A four-body system, such as fragmented molecular hydrogen, acts as a double slit in the sense that coherence is lost in a subsystem of entangled electrons. Such a fundamental system facilitates study of the influence of interelectronic Coulomb interaction on the coherence properties of a single electron. In solid-state-based quantum computing devices, such electron-electron interaction represents a key challenge. One delightful aspect of the finite system investigated here is that it is fully tractable theoretically today [29, 30, 31, 32] . 
